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Abstract 
Resul t s  f r o n  experimental work on codel  s c a l e  cascade r e v e r s e r s  wi th  
cold a i r f low a r e  presented. Sound power l e v e l  d i r e c t i v F t y  and s p e c t r a l  
cha rac te r i s t5cs  f o r  cascade r eve r se r s  a r e  re2or ted .  E f fec t  of cascade 
e x i t  a r e a  r a t i o ,  vane p r o f i l e  shape, a26 emission a r c  a r e  discussed.  
Model equivalent  diameters var ied  from 3 t o  5 inches ;  pressure  r a t i o s  
ranged from 1.15 to  3.0. Depending on t h e  r eve r se r  type,  acous t i c  power 
was ~ r o p o r t i o n a l  t o  the  4 1  t o  6 th  potrer of i d e z l  jet ve loc i ty .  Reverser 2 
no i se  peaked a t  h igher  frequency and vas more c x n i d i r e c t i o n a l  than nozzle- 
a lone  jet noise.  A ~ p s e c i a b l e  reduction i n  s i d e l i n e  no i se  xas  obtained 
from plan€ s h i e l d s .  Airfoil-vaned casczdes were t h e  most aerodynamically 
e f f i c i e n t  and l e a s t  noisy  r eve r se r s .  Scal ing of cascade r eve r se r  d a t a  t o  
e x m p l e  a i r c r a f t  engLnes showed 211 cascades above t h e  95 PXdB s i d e l i n e  
goal  f o r  STOL a i r c r a f  to Hovever, t he  a i r f o i l - ~ r a n e i  r eve r se r  has  a good 
p o t e n t i a l  f o r  meeting t h i s  goal  f o r  high Sypass (low pressure  r a t i o )  
exhavsts  . 
In t roduct ion  
One of t h e  a i r c r a f t  no i se  sources t h a t  can becone inpor t an t  i n  m e e t -  
ing community no i se  r egu la t ions ,  e s ? e c i a l l y  f o r  srnall a i r p o r t s  i n  heav i ly  
populated z reas ,  i s  the  t h r u s t  r eve r se r  used t o  reduce ground r o l l .  
There have been numerous s t u d i e s  of t h e  aerodynamic l;erfornazlce of small  
s i z e  t h m s t  r eve r se r s  (e .g . ,  r e f .  1); hovever, s t u d i e s  of r eve r se r  n o i s e  
have no t  been a v a i l a b l e  i n  t h e  l i t e r a t u r e .  For t k i s  reason,  t h e  NASA- 
Lewis Research Center has been conducting an i n v e s t i g a t i o n  of t h e  n o i s e  
c h a r a c t e r i s t i c s  of var ious  types of r eve r se r s ,  inc luding target- type 
r eve r se r s  f o r  c i r c u l a r  and s l o t  nozzles ,  an5 cascade r eve r se r s  with and 
-. 
without sh ie ld ing .  Thls information,  together  w i ~ h  c o s t ,  aerodynmic  
e f f i c i e n c y  and mechanical f e a s i b i l i t y  cons idera t ions ,  should be  of va lue  
i n  t h e  design of r eve r se r s  f o r  a tiide range of engine app l i ca t ions .  
Resul t s  of ta rge t - type  r eve r se r  n o i s e  studFes have been presented i n  
references  2 t o  5. A c o r r e l a t i o n  of soae of t h e  d a t e  f r o n  r e fe rence  2 i s  
presented i n  reference  6. Prel iminary r e s u l t s  f o r  cascade r eve r se r  no i se  
are now 2vaFlable f r o n  cold  f l o v  model t e s t s  of cascade conf igura t ions  
wrth a i r f o i l  shaped vanes and constant- thickness vanes. Variables in-  
ves t iga ted  i n  these  t e s t s  included r 2 t i o  of cascade e x i t  a rea  t o  duct  in-  
l e t  a r e a ,  shape of duct  def lec tor -h locker ,  and emission a rc .  These v a r i -  
ab les  w e r e  s tud ied  over an i d e a l  j e t  velocFty range of 500 t o  1300 f p s ,  
corresponding t o  pressure  r a t i o s  of 1 - 1 5  t o  3.0. ShleLding tests on one 
of t h e  cascade  c o n f i g u r a t i o n s  were made w i t h  b o t h  ha rd  and a c o u s t i c a l l y  
s o f t  s h i e l d s .  , 
T h i s  paper p r e s e n t s  a  p r e l i m i n a r y  summary of t h e  r e s u l t s  o f  t h e  
n o i s e  c h a r a c t e r i s t i c s  of t h e  cascade  r e v e r s e r  c o n f i g u r a t i o n s  t e s t e d .  Re-  
s u l t s  p r e s e n t e d  i n c l u d e  d a t a  on r e v e r s e r  aerodynamic c h a r a c t e r i s t i c s  
(such as r e v e r s e - t h r u s t  c o e f f i c i e n t  and s p e c i f i c  mass f low) as w e l l  a s  
n o i s e  d a t a .  Cascade r e v e r s e r  n o i s e  c h a r a c t e r i s t i c s  a r e  p r e s e n t e d  i n  
terms of sound power, d i r e c t i v i t y  p a t t e r n ,  and s p e c t r a .  C o r r e l a t i o n s  of 
s p e c t r a l  d a t a  a r e  g i v e n ,  and a  comparison i s  made of c a l c u l a t e d  s i d e l i n e  
pe rce ived  n o i s e  l e v e l  a t  STOL a i r c r a f t  s c a l e  f o r  b o t h  cascade  and t a r g e t -  
t y p e  r e v e r s e r s .  
Cascade Reverser  Models 
Cascade r e v e r s e r s  c o n s i s t  of a s e r i e s  of vanes  l o c a t e d  i n  t h e  w a l l s  
of t h e  t u r b i n e  o r  f a n  d u c t  upst ream of t h e  c o n v e n t i o n a l  e x h a u s t  n o z z l e .  
For r e v e r s e  t h r u s t ,  t h e  exhaus t  n o z z l e  i s  blocked and t h e  f low d e f l e c t e d  
through t h e  uncovered cascade  vanes .  The cascade  r e v e r s e r  t h u s  becomes 
a new e x i t  n o z z l e  and must be  des igned t o  match eng ine  o p e r a t i n g  charac-  
t e r i s t i c s .  I n  comparison,  t a r g e t  r e v e r s e r s ,  which a r e  s imply deployed 
behind t h e  c o n v e n t i o n a l  exhaus t  n o z z l e ,  w i l l  n o t  a f f e c t  t h e  e n g i n e  c y c l e  
provided t h e y  a r e  f a r t h e r  t h a n  a minimum c r i t i c a l  d i s t a n c e  from t h e  noz- 
z l e  and t h e r e b y  do n o t  back-pressure  t h e  eng ine .  
Design c o n s i d e r a t i o n s  f o r  cascade r e v e r s e r s  i n c l u d e  t h e  e x i t - t o -  
i n l e t  a r e a  r a t i o ,  emiss ion  a r c ,  vane c h a r a c t e r i s t i c s  such as b l a d e  i n l e t  
and o u t l e t  a n g l e s ,  s p a c i n g ,  c u r v a t u r e ,  s o l i d i t y ,  p r o f i l e  shape (passage  
a r e a  v a r i a t i o n ) ,  and t y p e  o f  i n l e t  f low d e f l e c t o r - b l o c k e r .  
Two cascade  r e v e r s e r  models were used i n  t h i s  s t u d y .  T h e i r  p e r t i -  
n e n t  geometr ic  c h a r a c t e r i s t i c s  a r e  g i v e n  i n  t a b l e  1 and t h e  conf igura -  
t i o n s  a r e  shown i n  f i g u r e s  1 t o  5.  
Thin Vane Cascade 
The f i r s t  cascade  r e v e r s e r  w a s  made o f  t h i n  (1132 i n . )  c o n s t a n t -  
t h i c k n e s s  vanes .  As shown i n  f i g u r e  1, t h e  vanes  were set i n  two cascade  
s e c t o r s  each c o v e r i n g  a  60' a r c  on o p p o s i t e  s i d e s  of a 6-in.  s t a n d a r d  
p i p e  (61 i n .  O.D.). There were 5  p a r a l l e l  passages  i n  each cascade  sec-  
t o r .  ~ a e  vanes  were of t h e  impulse  t y p e ,  w i t h  i n l e t  and o u t l e t  a n g l e s  of 
30' t o  t h e  a x i s .  The cascade  s o l i d i t y ,  c / s ,  was 1 . 3 3 ;  t h e  vane  s p a c i n g ,  
s ,  was 0.688 i n .  and t h e  vane chord ,  c ,  0.898 i n .  The c r o s s  s e c t i o n a l  
a r e a  of t h e  d u c t  ahead of t h e  cascade ,  Ain. ,  was 18.25 i n V 2  and i t  i s  r e -  
f e r r e d  t o  as t h e  i n l e t  a r e a  t o  t h e  cascade.  The cascade  e x i t  a r e a  i s  de- 
f i n e d  a s  t h e  c y l i n d r i c a l  a r e a  a t  t h e  e x i t  r a d i u s  of t h e  cascade  m u l t i p l i e d  
by t h e  s i n e  of t h e  b l a d e  e x i t  a n g l e :  
60 'b 
360 - S s i n a  
A l l  te rms a r e  d e f i n e d  i n  t h e  l i s t  of symbols. 
The e x i t  area, Ae,, was 0.65 of t h e  i n l e t  area, which f o r  t h i s  par- 
t i c u l a r  conf igura t ion ,  represented  t h e  minimum phys i ca l  flow area through 
t h e  cascade. This made t h e  cascade flow passage correspond aerodynami- 
c a l l y  t o  a convergent nozzle .  This  s m a l l  e x i t - t o - i n l e t  area r a t i o  cas- 
cade design would b e  a p p l i c a b l e  t o  a c i r c u l a r  engine duc t  w i th  a h igh  
nozz le  p re s su re  r a t i o  such a s  2.5. 
A cowling wi th  t h e  same ang le  a s  t h e  cascade vanes was i n s t a l l e d  
forward of t h e  cascade assembly t o  prevent  d i r e c t  impingement of reversed  
flow upon t h e  mating f l ange  i n  c a s e  of f low attachment.  The thin-vane 
cascade was t e s t e d  wi th  two d i f f e r e n t  flow b lockers :  a f l a t  rear b locker  
set about  8 inches  downstream of t h e  cascade s e c t o r ;  and a f i x e d  
def lec tor -b locker  cons i s t i ng  of a s o l i d  c y l i n d r i c a l  i n s e r t  w i th  two p lane  
30" wedge c u t s  ending even w i t h  t h e  cascade rearmost vanes. No ad jus t -  
ment of t h e  b locker  p o s i t i o n  was p o s s i b l e  on t h i s  design. A photograph 
of t h i s  cascade model i s  shown i n  f i g u r e  2. 
A i r f o i l  Vane Cascade 
The second cascade des ign  ( f ig .  3 )  had a i r fo i l - shaped ,  t h i c k  vanes.  
The impulse type  vanes i n  t h i s  design had flow i n l e t  and e x i t  angles  of 
45'. The vanes were set i n  8 equa l  s i z e ,  s e p a r a t e  s e c t o r s  covering a 
poss ib l e  t o t a l  emission a r c  of 340'. Each s e c t o r  had 1 2  vanes. An axi- 
a l l y  a d j u s t a b l e  c o n i c a l  b locker  allowed s e l e c t i o n  of t h e  number of  b lades  
t o  be  made a c t i v e .  Each cascade s e c t o r  (42.5' a r c )  could be  rep laced  
wi th  a blanking p l a t e .  Therefore,  a l a r g e  range of emission a r c s ,  b l ade  
number combinations and e x i t - t o - i n l e t  a r e a  r a t i o s  could b e  examined. The 
b locker  was s l i d  over a c e n t e r  body which converted t h e  approach t o  t h e  
cascades i n t o  an  annulus. 
The a i r f o i l  vane cascade des ign  v a r i e s  s i g n i f i c a n t l y  from t h e  t h i n  
vane des ign  of t h e  o t h e r  model. The minimum phys i ca l  flow a r e a  f o r  each 
passage, hin, occurs  n e a r  t h e  i n l e t  edge of  t h e  vanes. (This va lue  i s  
about 0.75 of t h e  cascade e x i t  a r ea . )  This cascade t h e r e f o r e  i s  i n  e f -  
f e c t  a convergent-divergent flow passage. Dimensional d e t a i l s  appear i n  
f i g u r e  3 ,  t a b l e  I, and i n  re ference  7 .  A photograph appears  i n  f i g u r e  4. 
Two major s e r i e s  of tests w e r e  run  wi th  t h e  a i r fo i l - shaped  cascade:  
a s e r i e s  w i th  v a r i a b l e  emission a r c s  and n e a r l y  cons t an t  e x i t  area; and 
another  w i t h  a f i x e d  emission arc and a v a r i a b l e  exit a rea .  F igure  5 
shows t h e  code used t o  i d e n t i f y  t h e  d i f f e r e n t  v a r i a t i o n s  of t h e  a i r f o i l -  
shaped cascade conf igu ra t ion  inves t iga t ed .  This  c o n s i s t s  of  a ske t ch  of 
an  annu la r  area d iv ided  i n t o  8 s e c t o r s  followed by a number. The annular  
area w i l l  show those  s e c t o r s  which are blocked t o  flow as blacked out .  
The number w i l l  r ep re sen t  t h e  number of a c t i v e  vane passages f o r  each 
s e c t o r .  Table 2 gives d e t a i l s  of t h e  d i f f e r e n t  conf igura t ions  t e s t e d  
wi th  t h e  a i r f o i l  shaped cascade. The conf igura t ions  with t h e  l a r g e  
kx/Ain are r e p r e s e n t a t i v e  of  cascades used i n  low (1.15 t o  1.45) pres-  
s u r e  r a t i o  f a n  duc ts .  The smal l  va lues  of  Aex/Ain would be  a p p l i c a b l e  
t o  h igh  p re s su re  r a t i o  engines.  It should b e  noted  t h a t  f o r  configura-  
' t i o n s  wi th  &,/Ain l a r g e r  than  1.25, t he  minimum phys i ca l  flow area 
o c c u r s  a t  t h e  d u c t  i n l e t  s t a t i o n ,  which can occur  i n  eng ines  w i t h  low 
p r e s s u r e  r a t i o s .  
T e s t  F a c i l i t y  and Procedure  
Rigs 
The cascade  r e v e r s e r  exper imenta l  d a t a  were o b t a i n e d  on two s e p a r a t e  
f low systems. The n o i s e  d a t a  were t aken  on a n  a c o u s t i c  r i g  des igned  t o  
minimize i n t e r n a l  n o i s e  and ins t rumented  t o  o b t a i n  d e t a i l e d  a c o u s t i c  d a t a .  
Another a i r f l o w  r i g  was used t o  o b t a i n  e x h a u s t - j e t  v e l o c i t y  s u r v e y s  and 
d a t a  on t h r u s t - r e v e r s a l  performance.  The a i r f l o w  r i g  was e s s e n t i a l l y  a s  
d e s c r i b e d  i n  r e f e r e n c e  8 ,  b u t  f o r  t h e  t h r u s t  r e v e r s e r  tests t h e  p i p i n g  
was extended f a r  enough t o  l e t  t h e  e x i s t i n g  v e l o c i t y  su rvey  equipment b e  
used i n  t h e  r e v e r s e d  jets. Reverse t h r u s t  was measured by p r e l o a d i n g  t h e  
a x i a l  t h r u s t  l o a d  c e l l  w i t h  500 l b s  i n  we igh t s  hung from p u l l e y s .  
The a c o u s t i c  r i g  i s  shown i n  f i g u r e  6.  Compressed a i r  from a 
140 p s i  a b s  s o u r c e  was s u p p l i e d  t o  t h e  r e v e r s e r  a t  n e a r  ambient tempera-. 
t u r e  (60' t o  80' F) by an  8-in. d i a m e t e r  p ipe .  T h i s  p i p e  was equipped 
w i t h  a flow-measuring o r i f i c e ,  a r emote ly  o p e r a t e d  f low c o n t r o l  v a l v e ,  
a n o i s e  m u f f l e r ,  and a s t r a i g h t  r u n  ending a t  t h e  n o z z l e ,  which was 
63 i n c h e s  above ground l e v e l .  
The n o i s e  d a t a  were measured by n i n e  condenser  microphones w i t h  i n -  
d i v i d u a l  wind s c r e e n s ,  l o c a t e d  on a s e m i c i r c l e  o f  1 5  f o o t  r a d i u s  c e n t e r e d  
on t h e  middle  of t h e  r e v e r s e r  e x i t  p lane .  These microphones were spaced 
a t  20' inc rements  from 8 = 20' t o  180' from t h e  p i p e  i n l e t  c e n t e r l i n e ,  
a t  t h e  same h e i g h t  above t h e  smooth a s p h a l t  s u r f a c e  as t h e  p i p e  c e n t e r -  
l i n e .  
Procedure  
Aerodynamic and a c o u s t i c  tests were performed on a l l  t h e  cascade  r e -  
v e r s e r  c o n f i g u r a t i o n s .  For each c o n f i g u r a t i o n  t h e  n o z z l e  i n l e t  t o t a l  
p r e s s u r e  was v a r i e d  t o  g i v e  a s e r i e s  of n o z z l e  p r e s s u r e  r a t i o s ,  nominal ly  
1 . 1 5 ,  1 .25 ,  1 .40 ,  1 .72 ,  2 .00,  2.50,  and when p o s s i b l e  3 . 0 ,  a l l  a t  n e a r  
ambient t o t a l  t empera tu re  (60° t o  80' F) .  Flow d a t a  were recorded  f o r  
a l l  tests, a s  w e l l  as n e c e s s a r y  p r e s s u r e  and t empera tu re  r e a d i n g s  t o  c a l -  
c u l a t e  i d e a l  exhaus t  v e l o c i t y .  
I n  t h e  aerodynamic t e s t s ,  a x i a l  f o r c e  measurements t o  de te rmine  re -  
v e r s e  t h r u s t  were t a k e n  i n  a d d i t i o n  t o  t h e  o t h e r  aerodynamic r e a d i n g s .  
Axia l  t r a v e r s e s  of o u t l e t  v e l o c i t y  were t a k e n  a t  one c i r c u m f e r e n t i a l  po- 
s i t i o n  a t  t h e  e x i t  of t h e  cascades .  
I n  t h e  a c o u s t i c  t e s t s ,  a f t e r  f low c o n d i t i o n s  had s t a b i l i z e d ,  f low 
paramete rs  and a tmospher ic  c o n d i t i o n s  were recorded t o g e t h e r  w i t h  t h e  
n o i s e  d a t a  from each  of t h e  n i n e  microphones i n  t h e  f a r  f i e l d  p o l a r  
a r r a y .  The n o i s e  d a t a  were analyzed d i r e c t l y  by u s e  of a 113-octave 
band a n a l y z e r  and recorded  on magnet ic  t a p e  f o r  computer p r o c e s s i n g .  The 
microphones were  c a l i b r a t e d  a t  t h e  s t a r t  and end of each d a y ' s  running 
with a s tandard p i s t o n  c a l i b r a t o r .  A v a r i a t i o n  of 20.5 dB during t h e  day 
was considered acceptable.  
The 113-octave-band analyzer  yielded t h e  sound pressure  l e v e l ,  SPL, 
i n  each band from 50 t o  20 000 Hz. These d a t a  w e r e  cor rec ted  f o r  atmos- 
pher ic  absorpt ion ,  and t h e  o v e r a l l  sound pressure  l e v e l ,  OASPL, was com- 
puted f o r  each microphone. The nominal s p e c t r a l  sound power l e v e l ,  EVL, 
and t h e  nominal o v e r a l l  sound power l e v e l ,  OAPWL, w e r e  obtained by in t e -  
gra t ion .  These power l e v e l s  are termed "nominal" s ince  t h e  n o i s e  meas- 
ured i s  a funct ion  of t h e  azimuthal angle  while  the  i n t e g r a t i o n  assumes 
symmetry about t h e  jet axis .  
Detai led ground r e f l e c t i o n  co r rec t ions  ake no t  made here in .  The 
microphone d a t a  a r e  correc ted  only f o r  t h i s  f a c i l i t y ' s  high-frequency 
asymptotic r e f l e c t i o n  of 2.2 dB. Furthermore, no d a t a  po in t s  f a l l i n g  
wi th in  5 dB of the  upper l i m i t  of background noise  a t  a given frequency 
a r e  presented. 
Results  and Discussion 
Aerodynamic and acous t i c  r e s u l t s  obtained wi th  t h e  cascade t h r u s t  
r eve r se r s  a r e  presented i n  graphica l  form. Aerodynamic r e s u l t s  a r e  pre- 
sented a s  r eve r se  t h r u s t  r a t i o s ,  reverse  t h r u s t  c o e f f i c i e n t s ,  and spe- 
c i f i c  weight flows. Acoustic r e s u l t s  a r e  shown a s  graphs of sound power, 
OASPL d i r e c t i v i t y  and SPL s p e c t r a  i n  d i r e c t i o n  of maximum OASPL. In ad- 
d i t i o n ,  complete t a b l e s  of 1/3-octave band no i se  s p e c t r a  f o r  a l l m i c r o -  
phone loca t ions  a r e  a v a i l a b l e ,  on r eques t ,  from t h e  authors .  
Aerodynamic Results  
Reverse t h r u s t  r a t i o s  a r e  shown i n  f i g u r e  7 f o r  a l l  t h e  configura- 
t i o n s  t e s t ed .  The reverse t h r u s t  r a t i o ,  c ~ ,  i s  t h e  r a t i o  of t h e  measured 
reverse  t h r u s t ,  FRY t o  t h e  forward t h r u s t  poss ib le  from the  same m a s s  
flow r a t e  a t  the  i d e a l  jet v e l o c i t y ,  5I.T This r a t i o  i s  p l o t t e d  aga ins t  j. the  s t agna t ion  Mach number U j  / c o y  defined a s  t h e  r a t i o  of i d e a l  i sen-  
t r o p i c  f u l l y  expanded jet v e l o c i t y  t o  t h e  v e l o c i t y  of sound a t  ambient 
condi t ions ,  co. 
The thin-vaned cascade r eve r se r s  had a markedly lower reverse t h r u s t  
r a t i o  than t h e  airfoi l-vaned cascades, The apqli_saEion of the de f l ec to r -  
blocker  t o  the  thin-vaned cascade with f l a t  blocker  improved i t s  reverse 
t h r u s t  r a t i o  from approximately 0.35 (same a s  obtained wi th  t h e  V-gutter 
t a r g e t  r eve r se r  of r e f .  4) t o  about 0.45. I n  both cases v e l o c i t y  tra- 
ve r ses  taken at  t h e  e x i t  of t h e  cascades indica ted  flow sepa ra t ion ,  with 
jets e x i t i n g  a t  angles of around 50' from t h e  a x i s  r a t h e r  than a t  t h e  
vane e x i t  angle  of 30'. 
The low level of r eve r se  t h r u s t  from t h e  thin-vane cascade i s  most 
l i k e l y  caused by flow separa t ion  r e s u l t i n g  from t h e  poor flow a r e a  d i s -  
t r i b u t i o n  along t h e  vane chord. The phys ica l  flow a r e a  i n  the  d i r e c t i o n  
of t h e  vane at the  vane i n l e t  radius  i s  s l i g h t l y  l a r g e r  than a t  t h e  e x i t  
r a d i u s .  However, a t  t h e  p o i n t  of i n f l e c t i o n  w i t h i n  t h e  vane t h e  a v a i l a b l e  
a r e a  r a t i o  i s  double  t h e  e x i t  a r e a .  The l a r g e  f low a r e a  expansion would 
r e s u l t  i n  e x c e s s i v e  v e l o c i t y  d i f f u s i o n  on t h e  vane s u r f a c e s .  I n  a d d i t i o n ,  
t h e  poor guidance from t h e  i n l e t  s t a t i o n  t o  t h e  vane i n l e t  w i t h  t h e  f l a t  
b l o c k e r  i s  an  a d d i t i o n a l  s o u r c e  of l o s s e s  which i s  p a r t i a l l y  e l i m i n a t e d  
w i t h  t h e  u s e  of t h e  d e f l e c t o r - b l o c k e r .  
The a i r f o i l - v a n e d  cascade ,  a s  shown i n  f i g u r e s  7 (b)  and ( c ) ,  had r e -  
v e r s e  t h r u s t  r a t i o s  rang ing  between 0.6 and 0 .7 ,  depending on t h e  s t agna-  
t i o n  Mach number. The one e x c e p t i o n  was t h e  5-vane cascade  w i t h  a  340' 
emiss ion a r c  which had h i g h e r  v a l u e s  a t  t h e  lower v a l u e s  of Uj/co. 
T r a v e r s e s  t a k e n  a t  t h e  cascade  e x i t s  showed a l l  b u t  t h e  340' emiss ion  a r c  
c o n f i g u r a t i o n  had f low l e a v i n g  t h e  b l a d e s  a t  45' from t h e  a x i s ,  i n d i c a t -  
i n g  good f low a t t achment  t o  t h e  b l a d e s .  However, t h e  f low from t h e  340' 
emiss ion  a r c  cascade  c o n f i g u r a t i o n  (Aex/Ain = 1 .25)  was found t o  b e  
a t t a c h e d  t o  t h e  o u t s i d e  w a l l  of t h e  i n l e t  p i p e .  Th is  a t t achment  was re- 
s p o n s i b l e  f o r  t h e  odd v a r i a t i o n  i n  r e v e r s e  t h r u s t  r a t i o  shown f o r  t h i s  
c a s e  i n  f i g u r e  7  (b) . 
The aerodynamic c h a r a c t e r i s t i c s  of t h e  r e v e r s e r s  a r e  a l s o  shown i n  
f i g u r e  8 i n  t e rms  of s p e c i f i c  m a s s  f low and r e v e r s e  t h r u s t  c o e f f i c i e n t  
p l o t t e d  a g a i n s t  p r e s s u r e  r a t i o .  S p e c i f i c  mass f low rate, d e f i n e d  as 
P i s  p l o t t e d  i n  f i g u r e  8 ( a ) .  The d a t a  show t h e  parameter  
t o  approach a c o n s t a n t  v a l u e  between p r e s s u r e  r a t i o s  of 1.72 and 2 .0 ,  
i n d i c a t i n g  choked flow. Below p r e s s u r e  r a t i o s  of 1 .72,  t h e  s p e c i f i c  mass 
f low r a t e  v a r i e s  w i t h  p r e s s u r e  r a t i o  as would be  t h e  c a s e  w i t h  unchoked 
flow. The s p e c i f i c  mass f low rate v a l u e  f o r  i s e n t r o p i c  s o n i c  f low i s  
shown f o r  comparison. Values f o r  a l l  c a s c a d e s ,  t h i n  vane a s  w e l l  as air- 
f o i l ,  c o l l a p s e d  i n t o  a narrow band of v a l u e s .  
The r e v e r s e  t h r u s t  c o e f f i c i e n t ,  c f ,  shown i n  f i g u r e  8 ( b )  i s  t h e  re- 
v e r s e  t h r u s t  r a t i o  of f i g u r e  7  d i v i d e d  by t h e  c o s i n e  o f  t h e  vane e x i t  
ang le .  T h i s  c o e f f i c i e n t  r e p r e s e n t s  t h e  r a t i o  of measured r e v e r s e  t h r u s t  
t o  t h e  maximum o b t a i n a b l e  by a  p e r f e c t  t u r n i n g  of t h e  same mass f low r a t e  
by t h e  cascade  vanes .  The d i f f e r e n c e  between t h e  a i r f o i l - v a n e d  cascade  
and t h e  thin-vaned cascade  become more marked when shown on t h i s  b a s i s .  
The thin-vaned c a s c a d e s ,  w i t h  i t s  s e p a r a t e d  f low,  ach ieved  c o e f f i c i e n t s  
of o n l y  0.4 t o  0 .6 ,  w h i l e  a l l  t h e  a i r f o i l  cascades  had r e v e r s e  t h r u s t  co- 
e f f i c i e n t s  between 0 .8  and 1 . 0 .  The f low a t t achment  t o  t h e  i n l e t  p i p e  
observed on t h e  a i r f o i l  c o n f i g u r a t i o n  w i t h  t h e  340' emiss ion  a r c  r e s u l t s  
on reverse thrust coef flcients above 1.1 due to the over turning. 
Thin-Vaned Cascade Reverse r  Acoust ic  R e s u l t s  
Sound Power Level .  The nominal o v e r a l l  sound power l e v e l ,  OAPWL, 
f o r  t h e  thin-vaned cascade  r e v e r s e r s  a r e  shown i n  f i g u r e  9.  The OAPWL is  
shown normal ized by p o ~ e ~ j  and p l o t t e d  a g a i n s t  t h e  s t a g n a t i o n  Mach num- 
b e r ,  Uj/c0. The a r e a  used i n  t h i s  t e rm,  A,, i s  t h e  e q u i v a l e n t  a r e a  re- 
q u i r e d  t o  f low t h e  measured m a s s  f low r a t e  a t  t h e  i d e a l  f u l l v  expanded 
j e t  v e l o c i t y ,  
The values  of A, a r e  a funct ion of opera t ing  condi t ions .  They are 
shown a s  r a t i o s  of e x i t  a r e a ,  &/&, i n  t a b l e  3 .  
The normalized acous t i c  power appears t o  vary  a s  t h e  f i f t h  power of 
the  i d e a l  f u l l y  expanded j e t  v e l o c i t y  (co was e s s e n t i a l l y  cons tan t  f o r  
the  d a t a ) .  The deflector-blocker  decreased t h e  n o i s e  genera t ion  by % dB. 
This reduct ion  i n  n o i s e  l e v e l  is  s i g n i f i c a n t ,  because i t  i s  achieved 
wi th  an inc rease  of about 25 percent  i n  r eve r se  t h r u s t  (Fig. 7 ( a ) ) .  Data 
from a cold flow convergent nozzle-alone curve from reference  2 ,  i s  a l s o  
shown a s  a dot ted  l i n e  f o r  comparison purposes. A t  Uj/co > 1.1 t h e  re- 
v e r s e r  normalized OAPWL appears lower than t h a t  f o r  t h e  convergent noz- 
z l e .  This could be  due t o  d i f f e r e n t  shock p a t t e r n s  i n  t h e  cascade e x i t  
flow o r  t o  d i f f e r e n t  e f f e c t i v e  v e l o c i t y  va lues  between t h e  cascade and 
t h e  nozzle. 
For comparison purposes, s i m i l a r l y  normalized OAPWL d a t a  are pre- 
sented i n  f i g u r e  10 f o r  a v a r i e t y  of t a r g e t  r eve r se r  conf igura t ions  from 
references  2 ,  3, and 5. The shaded a rea  shown f o r  t h e  V-gutter t a r g e t  
and 69-aspect r a t i o  s l o t  r ep resen t s  t h e  range of d a t a  obtained over a 
range of v a r i a b l e s ,  such as reve r se r  p l a t e  angle ,  l eng th ,  spacing,  and 
o f f s e t .  Normalized OAPWL var i ed  a s  t h e  s i x t h  power of s t agna t ion  Mach 
number ( i d e a l  jet ve loc i ty )  f o r  a l l  t a r g e t  r eve r se r  cases ,  as compared t o  
the  f i f t h  power f o r  the  cascade reverser .  The abso lu te  power l e v e l  of 
t h e  thin-vane cascade wi th  d e f l e c t o r  blocker w a s  about t h e  same a s  t h e  
lowest va lues  obtained wi th  t h e  t a r g e t  r eve r se r s .  
D i r e c t i v i t y .  The d i r e c t i v i t y  on t h e  c e n t e r l i n e  p lane  of t h e  th in -  
bladed cascade r eve r se r  no i se  i s  shown in  f i g u r e  11. The d i f f e r e n c e  be- 
tween the  OASPL a t  a given ang le  and t h e  maximum OASPL i s  p l o t t e d  as a 
funct ion  of polar  angle.  I n  a l l  cases t h e  d i r e c t i v i t y  is  much more uni- 
£om- than f o r  the  nozzle-alone jet d i r e c t i v i t y  shown i n  r e fe rence  2. The 
maximum dev ia t ion  between minimum and maximum reversed OASPL i s  5.5 dB. 
This d i f f e r e n c e  occurs  a t  t he  60' angle ,  where t h e  microphone i s  being 
impinged by t h e  e x i t i n g  jet. The d i r e c t i o n  of maximum OASPL s h i f t s  wi th  
ve loc i ty .  A t  t he  lower v e l o c i t y ,  o r  pressure  r a t i o s ,  t h e  maxTmum no i se  
appears a t  100' from t h e  i n l e t  a x i s  f o r  t h e  f l a t  blocker  cascade, and a t  
140' f o r  t h e  deflector-blocker .  A t  h igher  pressure  r a t i o s  t h e  maximum 
OASPL occurs a t  20" f o r  both. 
For t h e  deflector-blocker  cascade, t h e  peak OASPL d i r e c t i o n  a t  low 
v e l o c i t i e s  occurs around 90' from t h e  d i r e c t i o n  of t h e  e x i t i n g  jets 
( typ ica l  of d ipo le  n o i s e ) ,  while  at t h e  higher  v e l o c i t i e s ,  t h e  20' angle  
from the  i n l e t  appears c l o s e  t o  t h e  d i r e c t i o n  where jet no i se  should peak. 
The d i r e c t i v i t y  of t h e  peak n o i s e  f o r  t h e  cascade wi th  f l a t  blocker  a t  
low v e l o c i t i e s  (100' from i n l e t  a x i s )  does n o t  present  a s  c l e a r  a p i c t u r e  
of the  dominant no i se  source. 
Spectra.  The SPL spec t ra  i n  the  d i r e c t i o n  of maximum OASPL f o r  both  
types  of b l o c k e r  used w i t h  t h e  th in-bladed cascade  r e v e r s e r  a r e  shown i n  
f i g u r e  12.  For t h e  f l a t  b l o c k e r ,  f i g u r e  1 2 ( a ) ,  t h e  s p e c t r a  do n o t  change 
i n  g e n e r a l  shape w i t h  v e l o c i t y .  A t  t h e  lower v e l o c i t i e s ,  low frequency 
t o n e s  t e n d  t o  dominate t h e  s p e c t r a .  The i n t e n s i t y  of t h e s e  t o n e s  appears  
t o  i n c r e a s e  w i t h  t h e  t h i r d  power of v e l o c i t y ,  and i s  no longer  dominant 
a t  a s t a g n a t i o n  Mach number of around 0.67. There  i s  a s h i f t  i n  t h e  peak 
n o i s e  f requency from 6.0  t o  2.5 kHz a s  t h e  Mach number i n c r e a s e s .  
S i m i l a r  s p e c t r a  f o r  t h e  d e f l e c t o r - b l o c k e r  cascade appear  i n  f i g -  
u r e  1 2 ( b ) .  The most obvious c o n c l u s i o n  i s  t h a t  t h e  d e f l e c t o r - b l o c k e r  
e l i m i n a t e d  t h e  low frequency t o n e s  p r e s e n t  w i t h  t h e  f l a t  b l o c k e r .  Also,  
i n  t h i s  c a s e ,  t h e  s p e c t r a l  components of t h e  maximum OASPL s h i f t  appre- 
c i a b l y  w i t h  v e l o c i t y .  The low v e l o c i t y  c a s e s ,  peaking a t  140°, a r e  domi- 
na ted  by h i g h  f requency n o i s e ,  w h i l e  t h e  h i g h e r  v e l o c i t y  c a s e s  have lower 
f requency components which can  be  a s s o c i a t e d  w i t h  e i t h e r  jet n o i s e  o r  
shock n o i s e ,  and a r e  as dominant as t h e  h i g h  f requency n o i s e .  These com- 
ponents  a r e  a l s o  t h e  cause  of t h e  s h i f t  i n  t h e  maximum d i r e c t i v i t y  t o  t h e  
20' a n g l e .  
S i d e l i n e  S h i e l d i n g .  T e s t s  were conducted u s i n g  t h e  thin-vaned cas -  
cade r e v e r s e r  w i t h  t h e  d e f l e c t o r  b l o c k e r  t o  de te rmine  t h e  e f f e c t i v e n e s s  
of s h i e l d s  o r  s i d e  p l a t e s  on d e f l e c t i n g  n o i s e  away from t h e  s i d e l i n e ,  
the reby  reduc ing  t h e  n o i s e  l e v e l  i n  t h a t  d i r e c t i o n .  The s h i e l d s  used  a r e  
shown i n  f i g u r e  13.  They c o n s i s t e d  of p l a t e s  11 i n c h e s  wide and 24 i n c h e s  
long  mounted a t  60' t o  t h e  i n l e t  a x i s .  These s h i e l d s  were t e s t e d  w i t h  and 
wi thou t  a 1-inch l a y e r  of broadband (bulk- type)  a c o u s t i c  i n s u l a t i o n  over  
t h e  p l a t e s ,  a s  w e l l  a s  o v e r  t h e  d u c t  cowling.  The l e a d i n g  edges  of t h e  
p l a t e s  were even w i t h  t h e  forwardmost opening of t h e  cascade and s h i e l d e d  
t h e  l i n e  of s i g h t  from t h e  cascade  t o  t h e  s i d e l i n e  a t  a n g l e s  from 90' t o  
180' from t h e  i n l e t  a x i s .  The a c t u a l  t e s t  p l a t e s  were long w i t h  r e s p e c t  
t o  t h e  cascade body t o  a l l o w  mounting from t h e  rear f a c e  o f  t h e  cascade  
assembly. The s h i e l d i n g  c h a r a c t e r i s t i c s  shou ld  be  t h e  same f o r  a c o r r e -  
sponding f l i g h t - s i z e  s h i e l d  as shown by d o t t e d  l i n e s  i n  f i g u r e  13.  How- 
e v e r ,  c a u t i o n  must b e  e x e r c i s e d  i n  s i z i n g  and s p a c i n g  t h e  s h i e l d s .  I f  
t h e  s h i e l d s  are p laced  t o o  c l o s e  t o  t h e  e x i t i n g  j e t s  t h e y  might i n t r o d u c e  
a d d i t i o n a l  s o u r c e s  of low f requency  n o i s e  as d i s c u s s e d  i n  t h e  s h i e l d i n g  
s t u d i e s  of r e f e r e n c e  9.  
S h i e l d i n g  t e s t s  r e s u l t s  are shown i n  f i g u r e  1 4  f o r  two d i f f e r e n t  
p r e s s u r e  r a t i o s .  The hard  s h i e l d s  gave a n  a p p r e c i a b l e  r e d u c t i o n  i n  OASPL 
f o r  a n g l e s  g r e a t e r  t h a n  80' from t h e  i n l e t  a x i s .  As much as a 5 dB reduc- 
t i o n  was o b t a i n e d  a t  a n g l e s  o f  100' and 180'. At low a n g l e s ,  t h e  OASPL 
a c t u a l l y  i n c r e a s e d  somewhat due t o  r e f l e c t i o n  from t h e  s h i e l d s .  Addi t ion  
of a c o u s t i c  i n s u l a t i o n  t o  t h e  s h i e l d i n g  p l a t e s  and cowling produced a s i g -  
n i f i c a n t  r e d u c t i o n  i n  t h e  n o i s e  a t  a n g l e s  smaller t h a n  120'. However, 
t h e  e f f e c t  of t h e  i n s u l a t i o n  at  a n g l e s  g r e a t e r  t h a n  120' was r e l a t i v e l y  
minor. 
Airfoi l -Shaped Cascade Reverse r s  Acous t i c  R e s u l t s  
Sound Power Level .  Normalized OAPWL's a r e  shown i n  f i g u r e  1 5  a s  a  
func t ion  of s t a g n a t i o n  Mach number f o r  a l l  a i r f o i l  cascade reverser con- 
f i g u r a t i o n s  t e s t e d .  The f i g u r e  inc ludes  t h e  v a r i a t i o n s  i n  emission a r c  
at ex i t - t o - in l e t  area r a t i o s  between 1.25 and 1.68,  and t h e  v a r i a t i o n  i n  
area r a t i o  from 0.50 t o  1.49 a t  cons t an t  emission a rc .  There is  a n  ob- 
vious change i n  t h e  s lope  of t h e  a c o u s t i c  e f f i c i e n c y  curves f o r  t h e  d i f -  
f e r e n t  v a r i a t i o n s  as w e l l  a s  a change i n  l e v e l .  The s h i f t  i n  s l o p e  s e e m s  
t o  be  r e l a t e d  t o  t h e  ex i t - t o - in l e t  a r e a  r a t i o  of t h e  a i r fo i l -vaned  cas- 
cade. 
The cascades t e s t e d  a t  v a r i a b i e  emission a r c  wi th  e x i t - t o - i n l e t  area 
r a t i o s  above 1.25 have t h e  h ighes t  n o i s e  l e v e l s .  A l l  f ou r  of t h e  cascade 
conf igu ra t ions  i n  t h i s  group d e v i a t e  from a cons tan t  exponent re a t i o n  t with  Mach number. The s l o p e  t h a t  b e s t  f i t s  t h e s e  d a t a  gives a 42- power 
dependency of a c o u s t i c  power on i d e a l  jet v e l o c i t y  w i t h i n  a s c a t t e r  band 
of k3 dB. There i s  no apparent  s epa ra t ion  between t h e s e  i n d i v i d u a l  con- 
f  i g u r a t i o n s  . 
The cascade conf igu ra t ions  wi th  a cons tan t  c i r c u m f e r e n t i a l  emission 
a r c  of 170' showed a marked change i n  s l o p e  and level of t h e  normalized 
OAPFL when t h e  ex i t - t o - in l e t  area r a t i o  decreased below a va lue  o f  around 
1.0. At a va lue  of 0.99 t h e  a c o u s t i c  power became a very  o r d e r l y  func- 
t i o n  of t h e  5 l  power of v e l o c i t y .  A decrease  of t h e  area r a t i o  t o  0.75 z; 
reduced t h e  a c o u s t i c  power To a s t i l l  lower magnitude and made it propor- 
t i o n a l  t o  t h e  s i x t h  power of t h e  v e l o c i t y .  A f u r t h e r  decrease  i n  t h e  
a r e a  r a t i o  t o  0.62 and t o  0.50 d id  n o t  change t h e  normalized OAPWL. It 
is  a l s o  noted t h a t  as t h e  s t agna t ion  Mach number approaches 1 .0 ,  t h e  re- 
v e r s e r  normalized OAPWL fol lows very  c l o s e l y  t h e  r e l a t i o n s h i p  obta ined  in 
re fe rence  2 f o r  a convergent nozz le  alone.  
Comparison of f i g u r e s  9 ,  1 0 ,  and 1 5  shows t h a t  t h e  a i r fo i l - shaped  
cascade r e v e r s e r  w i th  ex i t - t o - in l e t  area r a t i o  s m a l l e r  than  1 has t h e  
lowest  normalized OAPWL of a l l  t h e  cascade o r  t a r g e t  r e v e r s e r s  t e s t e d .  
Since t h e  r e v e r s e  t h r u s t  r a t i o  f o r  t h e  smal l  a r e a  r a t i o  a i r fo i l -b l aded  
cascade r e v e r s e r  is as h igh  o r  h igher  than  f o r  any o t h e r  r e v e r s e s  ( f i g .  7) ,  
t h e s e  con f igu ra t ions  appear t o  have t h e  most s a t i s f a c t o r y  r e v e r s e  t h r u s t -  
to-noise r a t i o  of a l l  the  r e v e r s e r  models i nves t iga t ed .  However, as pre-  
v i o u s l y  mentioned, t h e  cascade t-ype r e v e r s e r s  must be  designed t o  match 
engine ope ra t ing  c h a r a c t e r i s t i c s .  I n  many in s t ances  t h e  most s a t i s f a c -  
t o r y  cascade r e v e r s e r s  from a n o i s e  s tandpoin t  may n o t  n e c e s s a r i l y  b e  
s u i t a b l e  f o r  a p a r t i c u l a r  engine o r  f an  applicacian, 
The sound power l e v e l  d a t a  f o r  t h e  170° emission a r c  cascades shown 
i n  f i g u r e  1 5  have been r e p l o t t e d  i n  f i g u r e  16  t o  show t h e  e f f e c t  of cas- 
cade a r e a  r a t i o .  Values of OAPWL a r e  p l o t t e d  as a func t ion  of a r e a  r a t i o ,  
&/A~, ,  f o r  cons t an t  va lues  of p re s su re  r a t i o .  I n  a d d i t i o n ,  a r e fe rence  
l i n e a r  v a r i a t i o n  of a c o u s t i c  power wi th  e x i t  area i s  shown by t h e  dashed 
l i n e .  For area r a t i o s  up t o  = 0.75, t h e  OAPWL i s  e s s e n t i a l l y  
p ropor t iona l  t o  t h e  area r a t i o  over  t h e  p re s su re  r a t i o  range of  1.15 t o  
3.0. However, as t h e  area r a t i o  i nc reases  beyond 0.75, t h e  OAPWL i n -  
c r eases  f a s t e r  than  t h e  a r e a  r a t i o  f o r  p re s su re  r a t i o s  between 1.15 and 
2.0. The area r a t i o  e f f e c t  on OAPWL i s  t h e  g r e a t e s t  a t  PR = 1.15 and 
d e c r e a s e s  as t h e  p r e s s u r e  r a t i o  i n c r e a s e s .  At p r e s s u r e  r a t i o s  above 2 .0 ,  
t h e  OAPWL is  aga in  d i r e c t l y  p r o p o r t i o n a l  t o  t h e  a r e a  r a t i o  throughout  t h e  
a r e a  r a t i o  range.  
The lower c rossha tched  s e c t i o n  shown i n  f i g u r e  1 6  r e p r e s e n t s  t h e  ex- 
pec ted  p r e s s u r e  r a t i o  - a r e a  r a t i o  zone of i n t e r e s t  f o r  low p r e s s u r e  f a n s  
a p p l i c a b l e  t o  external ly-blown-f lap STOL eng ines .  The upper c r o s s h a t c h e d  
s e c t i o n  i s  r e p r e s e n t a t i v e  of t h e  o p e r a t i n g  zone f o r  eng ine  exhaus t  d u c t s  
a t  h i g h  p r e s s u r e  r a t i o ,  such as used i n  CTOL e n g i n e s ,  and such STOL ap- 
p l i c a t i o n s  as t h e  augmenter wing and c o r e  eng ines .  
D i r e c t i v i t y .  T y p i c a l  OASPL d i r e c t i v i t y  p l o t s  are shown i n  f i g u r e  1 7  
f o r  t h e  a i r f o i l - v a n e d  cascade  w i t h  170' emiss ion  a r c  and area r a t i o s  of 
0 .5 ,  0 .99,  and 1.48. As w i t h  a l l  r e v e r s e r s  t e s t e d ,  t h e  OASPL d i s t r i b u -  
t i o n  i s  much more o m n i d i r e c t i o n a l  t h a n  f o r  p u r e  jet n o i s e .  The g r e a t e s t  
1 d e v i a t i o n  from t h e  maximum OASPL shown i n  f i g u r e  17 i s  5- dB. A s  w i t h  2  t h e  th in-bladed cascade  r e v e r s e r ,  d i r e c t i v i t y  i s  a f u n c t i o n  of t h e  e x i t  
i d e a l  j e t  v e l o c i t y .  For t h e  lower v e l o c i t i e s  (up t o  a Uj/co v a l u e  o f  
0 .67) ,  t h e  peak OASPL o c c u r s  a t  120' t o  140' from t h e  i n l e t  a x i s ,  which 
i s  n e a r l y  90' from t h e  d i r e c t i o n  of t h e  e x i t i n g  jets. A t  t h e  h i g h e r  ve- 
l o c i t i e s  (Uj/co above 0.95) t h e  peak OASPL s h i f t s  t o  a n g l e s  o f  20' t o  
60' from t h e  i n l e t  a x i s ,  which i s  approx imate ly  15' t o  20' on e i t h e r  s i d e  
of t h e  e x i t i n g  j e t s .  A t  i n t e r m e d i a t e  v e l o c i t i e s  (Uj/co between 0.67 and 
0 .95) ,  t h e  d i r e c t i v i t y  is  more uniform. 
These d i r e c t i v i t y  s h i f t s  imply t h a t  b o t h  su r face-genera ted  n o i s e  
( d i p o l e )  and j e t -genera ted  n o i s e  (quadrupole)  e x i s t ,  w i t h  s u r f a c e -  
genera ted  n o i s e  c o n t r o l l i n g  a t  t h e  low v e l o c i t i e s  and j e t  n o i s e  a t  t h e  
h igh  v e l o c i t i e s .  The s h i f t s  s t a r t  b e f o r e  i d e a l  s o n i c  c o n d i t i o n s  are 
reached.  The a i r f o i l - s h a p e d  cascade  c o n f i g u r a t i o n s  w i t h  l a r g e  area 
r a t i o s  ( d i r e c t i v i t y  p l o t s  n o t  shown) p r e s e n t  s i m i l a r  t r e n d s .  
S p e c t r a .  Sound p r e s s u r e  l e v e l  s p e c t r a  i n  t h e  d i r e c t i o n  o f  maximum 
OASPL f o r  t h e  a i r f o i l  cascade  r e v e r s e r  a r e  shown i n  f i g u r e  18 .  The spec-  
t r a  cover  t h e  s t a g n a t i o n  Mach number range  from 0.44 t o  1.16.  The c a s e  
shown is  f o r  t h e  cascade  w i t h  170' emiss ion  a r c  and 8 b l a d e s  ( e x i t - t o -  
i n l e t  a r e a  r a t i o  of 0 .99) .  The s p e c t r a  f o r  t h e  lower v e l o c i t i e s  i s  domi- 
n a t e d  by h i g h  f requency  n o i s e  i n  t h e  range from 8 t o  12.5 KHz. The two 
h i g h e r  v e l o c i t y  c a s e s  are dominated by lower f requency n o i s e  a t  1 t o  
2.5 KHz. At t h e  i n t e r m e d i a t e  v e l o c i t i e s  ( s t a g n a t i o n  Mach numbers of 0.85 
and 0 . 9 5 ) $  t h e  s p e c t r a  a r e  r e l a t i v e l y  f l a t  above a  f requency of 0.6 KHz. 
These changes i n  s p e c t r a l  shape seem t o  be  r e l a t e d  t o  t h e  changes i n  d i -  
r e c t i v i t y  of t h e  peak OASPL n o i s e ,  
A d i r e c t  comparison of t h e  s p e c t r a  f o r  t h e  same r e v e r s e r  conf igura -  
t i o n  a t  t h e  t h r e e  a n g l e s  of maximum OASPL g iven  i n  f i g u r e  1 8  i s  shown i n  
f i g u r e  19 f o r  3 v e l o c i t y  l e v e l s .  The shape o f  t h e  s p e c t r a  a t  t h e  140' 
a n g l e  changes v e r y  l i t t l e  over  t h e  range of Uj/co;  i t  i s  always domi- 
na ted  by t h e  h i g h  f requency n o i s e ,  The s p e c t r a  a t  t h e  o t h e r  two a n g l e s  
(20° and 60' from t h e  i n l e t  a x i s ) ,  change a p p r e c i a b l y  w i t h  a change i n  
Uj/co. At t h e  low v a l u e  of Uj/co,  t h e  s p e c t r a  a r e  high-frequency domi- 
nated having a s p e c t r a l  shape s imi la r  . t o  t h a t  a t  140'. AS t h e  v e l o c i t y  
inc reases ,  sound pressure  l e v e l s  f o r  t h e  lower frequencies inc rease  more 
ra i d l y  than f o r  the  high frequencies u n t i l  they become dominant. A t  t h e  i! 20 t o  60' angles ,  f o r  ins tance ,  t h e  1 KHz frequency increased as t h e  8 t h  
power of v e l o c i t y ,  while  the  8 KHz frequency increased as t h e  6 t h  power 
of the  ve loc i ty .  The impl ica t ion  i s  t h a t  a t  low v e l o c i t i e s  t h e  cascade 
reverser  no i se  is  dominated by high frequency, dipole-type n o i s e  through- 
out  t h e  whole r a d i a t i o n  a r c ,  and a s  t h e  v e l o c i t y  increases  the  jet- type 
no i se  becomes important a t  angles near  t h e  jet exit. A t  t h e  h ighe r  ve- 
l o c i t i e s ,  jet no i se  con t ro l s  the  spec t ra ,  except t h a t  t h e  high frequency 
ro l l -of f  r a t e  i s  reduced. 
Figure 20 shows no i se  spec t ra  f o r  t h e  a i r fo i l - shaped cascade r eve r se r  
with a constant  170' emission a r c  and v a r i a b l e  a r e a  r a t i o s  from 0.5 t o  
1.49. The s p e c t r a  shown a r e  f o r  a pressure  r a t i o  of 1.25 (Uj/co = 0.55) 
i n  the  d i r e c t i o n  of maximum OASPL. The shape of t h e  s p e c t r a  i s  t h e  same 
f o r  a l l  t h e  conf igura t ions  up t o  an a r e a  r a t i o  of 0.99 (8 vanes) ,  and 
t h e i r  c h a r a c t e r i s  t i c s  have been discussed already.  For t h e  a r e a  r a t i o  
1.49 case  (12 vanes) ,  very high l e v e l  narrow-band frequency n o i s e  appears 
at  t h e  0.8 and 8 KHz 113-octave bands. The narrow band no i se  a t  8 KHz 
completely dominates the  n o i s e  l e v e l .  This narrow band no i se  appears in 
t h e  spec t ra  f o r  a l l  t h e  a i r f o i l  cascade reverser  conf igura t ions  t e s t e d  
a t  t he  a rea  r a t i o s  l a r g e r  than one, a s  shown i n  f i g u r e  21. The narrow 
band frequency noise  was the  dominant source of no i se  f o r  t h e  l a r g e  e x i t -  
t o - i n l e t  a r e a  r a t i o  a i r f o i l  cascades a t  t h e  lower pressure  r a t i o s ,  bu t  
they w e r e  no t  no t i ceab le  a t  pressure  r a t i o s  above 1.72 (Uj/co 2 0.85). 
No tones w e r e  observed wi th  t h e  t h i n  vane cascade (Aex/Ain = 0.62). 
Although t h e  exact  cause of t h e  h igh  frequency tones i n  f i g u r e  21  
i s  n o t  known, t h e r e  a r e  a number of poss ib le  mechanisms t h a t  could g ive  
rise t o  such tones:  mechanical resonance; subsonic feedback (screech) ;  
t r a i l i n g  vor t ex  shee t ;  and flow o s c i l l a t i o n s  producing f l u c t u a t i n g  vane 
l i f t .  Most of these  sources would be  suppressed wi th  t h e  onse t  of choked 
flow o r  son ic  v e l o c i t i e s .  However, t h e  reason f o r  t h e  appearance of tone  
n o i s e  only f o r  t h e  high a r e a  r a t i o  conf igura t ions  i s  n o t  c l e a r .  For a r e a  
r a t i o s  g r e a t e r  than 1.0, t h e  cascade tends t o  represent  a d i f f u s e r  with 
p a r a l l e l  flow passages. Such a conf igura t ion  may be  suscep t ib le  t o  flow 
i n s t a b i l i t i e s  both  wi th in  a vane passage and from passage t o  passage. 
However, whatever t h e  source, t h e  high frequency tones are t h e  cause of 
t h e  i r r e g u l a r  v a r i a t i o n  of acous t i c  power w i L h  ve loc i ty  level p r e v L ~ u s l y  
discussed ( f i g .  15) f o r  the  airfoi l-shaped cascade r eve r se r  conf igura t ion  
with a rea  r a t i o  g r e a t e r  than one. 
Corre la t ion  of Cascade Reverser Power Spectra 
No s i n g l e  parameter w a s  found capable of c o r r e l a t i n g  t h e  normalized 
sound power l e v e l  s p e c t r a  f o r  a l l  t h e  cascade r eve r se r s  throughout t h e  
e n t i r e  range of v e l o c i t i e s .  I n  r e a l i t y ,  t h e r e  should n o t  be such a 
parameter, because a s  shotm previous ly ,  t h e  cascade r eve r se r  no i se  i s  
d o n h a t e d  by su r face  no i se  (dipole) a t  t h e  low end of t h e  v e l o c i t y  range 
and by jet no i se  (quadrupole) a t  t h e  h igh  end of t h e  v e l o c i t y  range. I n  
add i t ion ,  t h e r e  a r e  t h e  cases  of l a r g e  exi t - to- in le t  a rea  r a t i o  a t  low 
v e l o c i t i e s  which a r e  dominated by narrow band n o i s e .  
The most s u c c e s s f u l  approach a t  c o r r e l a t i o n  used two d i s t i n c t  
S t r o u h a l  numbers: one f o r  U./co e q u a l  o r  g r e a t e r  t h a n  0.95,  a n o t h e r  
f o r  U./co less t h a n  0.95. $he normal ized PWL1s f o r  Uj/co 7 0.95 are 4 
shown I n  f i g u r e  22.  The S t r o u h a l  number used i s  based on t h e  e q u i v a l e n t  
d iamete r  of t h e  cascade  r e v e r s e r  e x i t  a r e a ,  Dex = 2[AeX/r] . T h i s  
v a l u e  of d iamete r  is  used f o r  t h i s  jet n o i s e  dominated range  a s  i t  would 
be  a r e p r e s e n t a t i v e  dimension of t h e  e x i t  j e t  s i z e .  The d a t a  th roughout  
t h e  normal ized s p e c t r a  f o r  a l l  r e v e r s e r s  c o l l a p s e  r e l a t i v e l y  w e l l .  
- 
F i g u r e  23 p r e s e n t s  t h e  d a t a  f o r  Uj/co i 0.85. For t h i s  r ange  where 
s u r f a c e  n o i s e  ( d i p o l e )  dominates ,  a  S t r o u h a l  number based on t h e  cascade  
s p a c i n g ,  s ,  was used.  
Data f o r  t e s t  c o n d i t i o n s  dominated by narrow band n o i s e  were ex- 
c luded i n  t h i s  n o r m a l i z a t i o n .  For t h e  h i g h  f r e q u e n c i e s ,  t h e  agreement 
of t h e  d a t a  a r e  v e r y  good. However, a t  S t r o u h a l  number v a l u e s  below 0 .1 ,  
t h e  d a t a  a r e  no l o n g e r  c o r r e l a t e d .  T h i s  is  c o n s i s t e n t  w i t h  t h e  p r e v i o u s  
o b s e r v a t i o n s  t h a t  t h e  h i g h  f requency d a t a  a t  lower v e l o c i t i e s  i s  con- 
t r o l l e d  by a  d i p o l e  n o i s e  s o u r c e ,  w h i l e  t h e  low f r e q u e n c i e s  a r e  j e t  gen- 
e r a t e d  (quadrupole  n o i s e )  and t h e r e f o r e  t h e y  depend more on t h e  s i z e  of 
t h e  j e t .  It shou ld  be  no ted  t h a t  t h e  same comparison would b e  o b t a i n e d  
i f  t h e  cascade  chord l e n g t h ,  c ,  had been used a s  t h e  l e n g t h  dimension 
s i n c e  a l l  t h e  cascades  t e s t e d  had t h e  same s o l i d i t y .  
Comparison of Reverse r  S i d e l i n e  Perce ived  Noise Level  a t  A i r c r a f t  S c a l e  
E s t i m a t e s  of pe rce ived  n o i s e  l e v e l s  a t  t h e  500-foot s i d e l i n e  f o r  
s i z e s  s u i t a b l e  t o  two d i s t i n c t  STOL a i r c r a f t ' a p p l i c a t i o n s  have been made. 
One o f  t h e  a p p l i c a t i o n s  was t o  a  h i g h  p r e s s u r e  r a t i o  exhaus t  d u c t ,  t h e  
o t h e r  t o  a low p r e s s u r e  r a t i o  exhaus t  d u c t .  I n  a l l  c a s e s ,  s c a l i n g  was 
made t o  a n  a r b i t r a r y  t o t a l  eng ine  t h r u s t  of 1 9  000 pounds. 
Assumptions made on s c a l i n g  t h e  r e v e r s e r  d a t a  t o  a i r c r a f t  s i z e  were 
t h a t  f requency v a r i e s  i n v e r s e l y  w i t h  exhaus t  e q u i v a l e n t  d iamete r  and i n -  
t e n s i t y  v a r i e s  d i r e c t l y  w i t h  t h e  s q u a r e  of t h e  e q u i v a l e n t  d iamete r .  A 
h i g h  f requency  r o l l - o f f  of 2  dB per 113-octave band was assumed i n  o r d e r  
t o  e s t i m a t e  t h e  sPL's f o r  t h o s e  f requency bands where t h e r e  were  no d a t a  
due t o  s c a l i n g  s h i f t s .  No s p e c i f i c  a i r c r a f t  c o n f i g u r a t i o n  was c o n s i d e r e d ,  
and no a l lowance was made f o r  r e f l e c t i o n  from t h e  a i r c r a f t .  However, t h e  
ground r e f l e c t i o n s  of t h e  exper imenta l  d a t a  were inc luded  w i t h o u t  c o r r e c -  
t i o n .  The d a t a  were c o r r e c t e d  f o r  a tmospher ic  a t t e n u a t i o n  a c c o r d i n g  t o  
r e f e r e n c e  1 0 ;  no c o r r e c t i o n  was made f o r  e x t r a  ground a t t e n u a t i o n .  The 
perce ived  n o i s e  l e v e l  f o r  each a n g l e  was t h e n  c a l c u l a t e d  a c c o r d i n g  t o  r e f -  
e r e n c e  11. 
High P r e s s u r e  R a t i o  Engine 
I n  o r d e r  t o  compare r e s u l t s  d i r e c t l y  w i t h  t h o s e  p r e s e n t e d  i n  r e f e r -  
ence 5 f o r  a  V-gut ter  t a r g e t  r e v e r s e r ,  a 1 9  000 l b  t h r u s t  eng ine  exhaus t  
w i t h  a  2.5 n o z z l e  p r e s s u r e  r a t i o  (De = 28 i n . )  w a s  chosen as t h e  h i g h  
pres su re  r a t i o  engine f o r  s c a l i n g  purposes. The r e s u l t i n g  perceived 
n o i s e  l e v e l s  a t  t h e  500-foot s i d e l i n e  a r e  shown i n  f i g u r e  24. The PKIrs  
are shown f o r  t h e  V-gutter t a r g e t  r eve r se r  of r e f e rence  5 toge the r  w i th  
those  f o r  two cascade r eve r se r s :  t h e  thin-vane cascade r e v e r s e r  wi-fh 
d e f l e c t o r  b locker  (AeX/Ain = 0.65, 120' emission a r c )  and t h e  a i r f o i l -  
vane r e v e r s e r  wi th  170° emission a r c  and 6 vanes (&,/ALn = 0.75).  
F igure  24(a) p re sen t s  r e s u l t s  f o r  ope ra t ion  a t  f u l l  p r e s su re  r a t i o  
(2.5) which r ep re sen t s  a n  i d e a l  v e l o c i t y  of 1188 fps .  The cascades would 
seem about 2 t o  2.5 PNdB louder  than  t h e  V-gutter r eve r se r .  However, f o r  
t h e s e  not-very-different  n o i s e  l e v e l s ,  t h e  cascade r e v e r s e r s  y i e l d  l a r g e r  
reversed  t h r u s t  t han  t h e  V-gutter r eve r se r .  This i n c r e a s e  i s  about  
35 percent  f o r  t h e  t h i n  bladed cascade and n e a r l y  85 percent  f o r  t h e  air- 
f o i l  bladed cascade r eve r se r .  
Reevaluating t h e  s i d e l i n e  'PNL's f o r  t h e s e  same conf igu ra t ions  on t h e  
b a s i s  of t h e  same exhaust  duc t  s i z e  as b e f o r e  b u t  a t  t h e  seduced i d e a l  
v e l o c i t i e s  ( t h r o t t l e  s e t t i n g s )  necessary  t o  produce equal  reversed  t h r u s t ,  
t h e  r e s u l t s  of f i g u r e  24(b) are obta ined .  The thin-vane cascade r e v e r s e r  
i s  about 1 FNdB q u i e t e r  and t h e  a i r fo i l -vane  cascade r e v e r s e r  i s  5 PNdB 
q u i e t e r  than  t h e  V-gutter r e v e r s e r .  However, even t h e  q u i e t e s t  of all 
t h e s e  n o i s e  l e v e l s  s t i l l  show PNL va lues  w e l l  above t h e  95 PNdB des ign  
goa l  f o r  a STOL a i r c r a f t  f o r  a cons iderable  d i s t a n c e  along t h e  s i d e l i n e  
( s ing le  engine goa l  would be  about 2  t o  6 PNdB less, depending on number 
of engines and a i r c r a f t  con f igu ra t ion ) .  
F igure  25 shows t h e  s i d e l i n e  s h i e l d i n g  r e s u l t s  wi th  t h e  t h i n  vane 
cascade ( A , / A ~ ~  = 0.65) s ca l ed  t o  t h e  same engine a p p l i c a t i o n  descr ibed  
i n  f i g u r e  24(b).  The hard s h i e l d s  reduced t h e  maximum s i d e l i n e  PNL by 
6 PNdB whi l e  t h e  i n s u l a t i o n  reduced it an  a d d i t i o n a l  2 PNdB. Even wi th  
t h e  s h i e l d ,  t h e  s ingle-engine maximum PNL i s  s t i l l  w e l l  above t h e  STOL 
a i r c r a f t  no i se  goa l  of 95 PNdB. However, t h e  l e n g t h  along t h e  s i d e l i n e  
(measure of exposure t ime) f o r  which t h e  PKL i s  above t h e  g o a l  v a l u e  has  
been reduced. 
Although s i d e l i n e  s h i e l d i n g  tests w e r e  no t  run wi th  t h e  a i r f o i l  vane 
cascade,  an  e s t ima t ion  can be  made concerning t h e  r e s u l t a n r  perceived 
n o i s e  l e v e l  f o r  a n  a i r f o i l  vane cascade reverser wi th  a t r e a t e d  s i d e l i n e  
s h i e l d .  I f  t h e  e f f e c t  of t h e  s h i e l d  on t h e  PNL p a t t e r n  were t h e  same as 
f o r  t h e  t h i n  vane cascade ( f i g .  25) ,  then  a corresponding decrease  i n  
maximum PNL due t o  sh i e ld ing  would b e  obtained (8 PNdB). This  would 
s t i l l  produce a maximum PNL f o r  t h e  sh i e lded  a i r f o i l  vane cascade of f i g -  
u r e  24(b) around 4 PNdB above t h e  95 PNdB g o a l ,  b u t  it  would decrease  
apprec iab ly  t h e  exposure t i m e  above t h a t  PEL va lue  a t  t h e  s i d e l i n e .  
The c a l c u l a t i o n  of t h e  previous f i g u r e s  were based on a r a t i o  of 
reverse t h r u s t  t o  i d e a l  exhaust t h r u s t  o f  around 0.35 f o r  a h igh  p re s su re  
r a t i o  exhaust .  I f  a  h igher  va lue  of r e v e r s e  t h r u s t  r a t i o  were r equ i r ed ,  
perhaps 0.5,  t h e  t a rge t - type  r e v e r s e r  would n o t  be  capable of producing 
t h e  requi red  r e v e r s e  t h r u s t .  Furthermore, t h e  cascade-type r e v e r s e r s  
would have t o  ope ra t e  a t  h ighe r  pressure  r a t i o s  (higher  i d e a l  exhaust  ve- 
l o c i t i e s ) ,  w i t h  r e s u l t i n g  h i g h e r  n o i s e  l e v e l s .  However, r e q u i r e d  r e v e r s e  
t h r u s t  r a t i o s  l e s s  t h a n  t h e  example of 0.35 would be  v e r y  b e n e f i c i a l  i n  
reduc ing  perce ived  n o i s e  because  of reduced o p e r a t i n g  p r e s s u r e  r a t i o s .  
Large r e d u c t i o n s  i n  n o i s e  would r e s u l t  i n  v iew of t h e  s t e e p  v a r i a t i o n  of 6  
sound power w i t h  exhaus t  v e l o c i t y  ( U . )  f o r  low nominal a r e a  r a t i o  cas -  
cades  ( f i g s .  9  and 1 5 ) .  J 
Low P r e s s u r e  R a t i o  Engine 
The low p r e s s u r e  r a t i o  eng ine  chosen f o r  s c a l i n g  was a  19 000 pound 
t h r u s t  eng ine  w i t h  a  1 .25  n o z z l e  p r e s s u r e  r a t i o  (De = 59.7 i n . ) .  T h i s  
would b e  r e p r e s e n t a t i v e  of t h e  f a n  s t a g e  of a high-bypass t u r b o f a n  eng ine .  
Because of t h e  low p r e s s u r e  r a t i o  a v a i l a b l e  i n  such e n g i n e s ,  t h e  v a l u e  of 
f o r  s u i t a b l e  cascade  r e v e r s e r s  would probably  b e  about  1 o r  
g r e a t e r ,  as shown by t h e  shaded a r e a  i n  f i g u r e  16 .  The cascades  chosen 
f o r  s c a l i n g  t o  t h e  low p r e s s u r e  r a t i o  e n g i n e  s i z e  were t h e  a i r f o i l - v a n e  
cascade  r e v e r s e r s  w i t h  170' emiss ion  a r c  and A,,/A~, = 0.99 and 1 .49 
(8 and 1 2  v a n e s ,  r e s p e c t i v e l y ) .  These two a i r f o i l - v a n e  c a s c a d e s  conf igu-  
r a t i o n s  a r e  i n d i c a t e d  i n  f i g u r e  1 6  by t a i l e d  symbols. The a i r f o i l -  
cascade  t h a t  was s c a l e d  t o  t h e  h i g h  p r e s s u r e  eng ine  i n  t h e  p r e v i o u s  c a l -  
c u l a t i o n  i s  shown by t h e  s o l i d  symbol i n  t h a t  f i g u r e .  
The s c a l e d  PNL's f o r  b o t h  a i r f o i l - s h a p e d  cascade  r e v e r s e r s  are 
shown i n  f i g u r e  26. The PNL a l o n g  t h e  500-foot s i d e l i n e  f o r  t h e  a i r f o i l  
cascade  s c a l e d  t o  t h e  h i g h  p r e s s u r e  r a t i o  eng ine  f o r  t h e  same r e v e r s e d  
t h r u s t  (12 300 l b )  is  shown as a dashed l i n e  f o r  comparison.  The 
Aex/Ain = 0.99 a i r f o i l  c a s c a d e ,  u n s h i e l d e d ,  was abou t  12 PNdB q u i e t e r  
t h a n  t h e  a i r f o i l  cascade  r e v e r s e r  f o r  t h e  h i g h  p r e s s u r e  r a t i o  eng ine .  
Assuming t h e  same r e l a t i v e  r e s u l t s  a s  i n  f i g u r e  25,  t h e  a d d i t i o n  of 
s i d e l i n e  s h i e l d s  would t h e n  reduce t h e  peak s i d e l i n e  PNL t o  around 3 PNdB 
below t h e  g o a l  o f  95 PNdB. 
The c a l c u l a t i o n  of f i g u r e  26 was f o r  a  r a t i o  o f  r e v e r s e  t h r u s t  t o  
maximum eng ine  t h r u s t  of 0 .65,  which is  t h e  v a l u e  o f  c R  ach ieved  w i t h  
t h e  a i r f o i l  vane cascade .  However, a n  a i r c r a f t  a p p l i c a t i o n  would probably  
r e q u i r e  a lower v a l u e  of r e v e r s e  t h r u s t .  For example, i f  t h e  p a r t  t h r o t -  
t l e  o p e r a t i n g  p o i n t  was reduced t o  a f a n  p r e s s u r e  r a t i o  of 1 .15 ,  t h e  
r a t i o  of r e v e r s e  t h r u s t  t o  maximum eng ine  t h r u s t  would b e  around 0 .4  
(assuming no change i n  cascade  t h r u s t  c o e f f i c i e n t ) .  According t o  f i g -  
u r e  1 6 ,  a  r e d u c t i o n  i n  p r e s s u r e  r a t i o  from 1 .25  t o  1 .15  produced around 
a 5.5 dB r educ t i on  i n  o v e r a l l  sound p o m r  level f o r  cascade area r a t i o s  
between 1 and 1.5.  Assuming a s  a  f i r s t  approximat ion t h a t  t h i s  d e c r e a s e  
i n  OAPWL would b e  r e f l e c t e d  as an  e q u i v a l e n t  d e c r e a s e  i n  PNL, t h e n  t h e  
maximum s i d e l i n e  PNL f o r  t h e  a i r f o i l  cascade  (Aex/Ain = 0.99) p a r t -  
t h r o t t l e  c a s e  might b e  a t  t h e  95 PNdB l e v e l .  With t h e  u s e  o f  s i d e l i n e  
s h i e l d s ,  t h e  maximum PNL could be  reduced t o  around 8 PNdB below t h e  
g o a l  v a l u e .  Thus, i t  appears  p o s s i b l e  t o  o b t a i n  t h r u s t  r e v e r s e r s  f o r  low 
p r e s s u r e  r a t i o  eng ine  a p p l i c a t i o n s  t h a t  have a  p o t e n t i a l  f o r  mee t ing  t h e  
95 PNdB a i r c r a f t  n o i s e  g o a l .  
The above comparisons a r e  v a l i d  s p e c i f i c a l l y  f o r  t h e  assumptions  
made. However, caut ion  should be  exerc ised  a s  some of  these  assumptions 
may not  be  app l i cab le  when l imi t ed  by mechanical f e a s i b i l i t y  considera- - 
t i ons .  For ins t ance ,  t h e  geometric sca l ing  assumption r equ i re s  t h a t  t h e  
cascade vanes f o r  t h e  engine with De = 59.7 inches must have a 7-inch 
chord which would r equ i re  an  inc rease  of over one f o o t  on t h e  duct  diam- 
e t e r  j u s t  f o r  stowing purposes. I f  t h e  vanes dimensions a r e  n o t  increased  
in t h e  same proport ion a s  the  cascade a r e a ,  t h e  d ipo le  no i se  (cont ro l led  
by vane dimensions) and t h e  jet n o i s e  (cont ro l led  by t o t a l  cascade area)  
should s c a l e  by d i f f e r e n t  va lues ,  r e s u l t i n g  i n  changes i n  s p e c t r a l  d i s -  
t r i b u t i o n  and atmospheric a t tenuat ion .  These changes w i l l ,  of course ,  
a l t e r  the  s i d e l i n e  PNL obtained. 
Summary of Results  
This paper has presented r e s u l t s  of cold-flow, model s c a l e ,  cascade 
t h r u s t  r eve r se r  no i se  t e s t s  conducted a t  Lewis Research Center.  Thin- 
and airfoi l-shaped cascade r eve r se r s  and sh ie ld ing  tests w e r e  covered. 
The main r e s u l t s  can b e  summarized a s  fol lows:  
1. Reverse t h r u s t  r a t i o s  f o r  t h e  a i r fo i l - shaped cascade r eve r se r s  
ranged from 0.6 t o  0.7 a s  compared t o  0.35 t o  0.5 f o r  t h e  thin-vane cas- 
cades. These values compare wi th  r a t i o s  of around 0.35 f o r  ta rge t - type  
r eve r se r s  t e s t e d  previously.  
2. A l l  r eve r se r s  generated more no i se  than a jet  a lone  a t  subsonic 
exhaust flow condit ions.  A t  supersonic flow condi t ions  t h e  normalized 
o v e r a l l  sound power l e v e l  of a l l  r eve r se r s  t e s t e d  became about equal  t o  
t h a t  f o r  cold supersonic jets. A cascade r eve r se r  with a i r f o i l  shaped 
vanes and a nominal r a t i o  of cascade e x i t  a rea  t o  duct i n l e t  a r e a  smal ler  
than 0.75 was the  q u i e t e s t  r eve r se r  t e s t ed .  
3 .  The acous t i c  power of t h e  cascade r eve r se r s  was dependent on t h e  
1 4T t o  6 th  power of the  i d e a l  jet v e l o c i t y ,  depending on r e v e r s e r  a r e a  
r a t i o  and pressure  r a t i o  ( t a r g e t  r eve r se r s  var ied  a s  t h e  6 t h  power of t h e  
v e l o c i t y ) .  
4. Cascade r eve r se r  no i se  was s t rong ly  dependent on cascade geometry. 
I n  genera l ,  the  thin-vaned cascades were n o i s i e r  than the  a i r fo i l -vaned 
cascades. The type of d e f l e c t o r  t h a t  guided t h e  flow i n t o  t h e  cascade 
L 1 
I ~ Z U  a d13 eff-ect on the  noise  frm the  thtn-vaned cascade revesser .  
The ex&-to-inlet a rea  of t h e  cascade r eve r se r  seems t o  be an  important 
acous t i c  design parameter. The conf igura t ions  t e s t e d  showed t h a t  a r e a  
r a t i o s  g r e a t e r  than one had very in t ense  narrow band noises  t h a t  made t h e  
r eve r se r s  much louder than expected a t  low pressure  r a t i o s .  
5. Resul t s  showed reve r se r  no i se  t o  b e  a combination of n o i s e  
sources.  A t  low v e l o c i t i e s ,  d ipo le  no i se  crea ted  by the  su r face  domi- 
nated. A t  h igher  v e l o c i t i e s ,  the  quadrupole jet mixing no i se  and shock 
n o i s e  appeared dominaat. This change a l s o  caused s h i f t s  i n  t h e  d i r e c t i o n  
where t h e  maximum OASPL appeared. I n  add i t ion ,  narrow band no i ses  may be  
present  a t  subsonic exhaust v e l o c i t i e s  capable of dominating a l l  o the r  
sources. 
6. Noise d i r e c t i v i t y  p a t t e r n s  f o r  r e v e r s e r s  a r e  v e r y  uniform. Max- 
imum v a r i a t i o n  i n  OASPL encountered around t h e  p o l a r  a r c  was 5  dB. 
7. The a i r f o i l - s h a p e d  cascade  reverser ( q u i e t e s t  of a l l  t e s t e d )  
s c a l e d  t o  a 1 9  000 l b  t h r u s t  eng ine  a t  h i g h  (2.5) exhaus t  p r e s s u r e  r a t i o  
produced 11 PNdB above t h e  g o a l  of 95 PNdB a t  t h e  500-ft s i d e l i n e  f o r  
STOL a i r c r a f t  w h i l e  y i e l d i n g  a  reversed-to-forward t h r u s t  r a t i o  of 0.35. 
8. S c a l i n g  of t h e  a i r f o i l  cascade  t o  a low (1.25) p r e s s u r e  r a t i o  
eng ine  o f  t h e  same t o t a l  t h r u s t  gave 5 PNdB above t h e  same 95 PNdB g o a l  
w h i l e  producing a reversed-to-forward t h r u s t  r a t i o  of 0.65. For  a reversed-  
to-forward t h r u s t  r a t i o  o f  0.4, t h e  c a l c u l a t e d  maximum PNL was around 
95 PNdB. 
9. A  hard  s i d e l i n e  s h i e l d  used w i t h  t h e  thin-vane r e v e r s e r  reduced 
maximum s i d e l i n e  PNL by as much a s  6 PNdB. Addi t ion  o f  a c o u s t i c  i n s u l a -  
t i o n  t o  t h e  s h i e l d s  and o u t e r  d u c t  s u r f a c e s  y i e l d e d  a n  a d d i t i o n a l  2 PNdB 
r e d u c t i o n .  
Concluding Remarks 
The cascade  c o n f i g u r a t i o n s  t e s t e d  p o i n t  o u t  t h e  d i f f i c u l t i e s  of 
a c h i e v i n g  low n o i s e  g o a l s  w i t h  t h r u s t  r e v e r s e r s  f o r  STOL a p p l i c a t i o n s .  
Based on t h e  cold-f low model t e s t  r e s u l t s  and t h e  p r e l i m i n a r y  a n a l y s i s  
r e p o r t e d  h e r e i n ,  i t  may b e  p o s s i b l e  t o  o b t a i n  t h r u s t  r e v e r s e r s  ( a i r f o i l -  
shaped cascade  c o n f i g u r a t i o n  p l u s  s i d e l i n e  s h i e l d i n g )  t h a t  approach t h e  
95 PNdB s i d e l i n e  g o a l  on ly  w i t h  h i g h  bypass  (low p r e s s u r e  r a t i o )  e x h a u s t s .  
I n  g e n e r a l ,  r e d u c t i o n s  i n  t h e  r e q u i r e d  r e v e r s e  t h r u s t  w i l l  a l low l a r g e  
r e d u c t i o n s  i n  r e v e r s e r  s i d e l i n e  n o i s e  by a l l o w i n g  o p e r a t i o n  a t  p a r t i a l  
t h r o t t l e  s e t t i n g s .  I n  a d d i t i o n ,  f u r t h e r  i n v e s t i g a t i o n  is u s e f u l  i n  
i d e n t i f y i n g  cascade  r e v e r s e r  geometry v a r i a b l e s  t h a t  w i l l  produce minimum 
perce ived  n o i s e .  
Appendix - L i s t  of Symbols 
e q u i v a l e n t  f low a r e a  of cascade ,  Ae . b / p U j ,  i n .  2 
*e 
Aex t o t a l  e x i t  f low a r e a  of cascade  assembly i n  d i r e c t i o n  of 
vane e x i t  a n g l e ,  d e f i n e d  by eq.  (1) , i n .  2 
I 
e x i t  f low a r e a  of each cascade  vane p a s s a g e ,  i n .  2 
*ex 
2 
Ain t o t a l  f low a r e a  i n  d u c t  ahead of cascade  assembly,  i n .  
minimum f low a r e a ,  i n .  2 
*min 
Area r a t i o  
c cascade  vane c h o r d ,  i n .  
Cf r e v e r s e  t h r u s t  c o e f f i c i e n t ,  cf Fr/rhU. cos  a J 
C 
0 
speed of sound a t  a tmospher ic  c o n d i t i o n s ,  f t / s e c  
c r eve r se  t h r u s t  r a t i o ,  c 5 Fr/rhU 
r r j 
De 
11 2 diameter of equiva len t  area c i r c u l a r  nozz le ,  De = [ ~ A , / T ]  , 
i n .  
Dex 
112 equ iva l en t  diameter corresponding t o  Aex, De, = [4Aex/r] , 
i n .  
Fr measured reversed  t h r u s t ,  Ib f 
c 
113 oc tave  band c e n t e r  frequency, Hz 
2 
c 
conversion f a c t o r ,  32.2 lbm,  f t l s e c  / l b f  
k conversion f a c t o r  = 1.356 w/ ( f t - l b f / s ec )  
rh a c t u a l  mass flow r a t e ,  lbm/sec 
n number of a c t i v e  vane passages i n  cascade assembly 
OAPWL e f f e c t i v e  o v e r a l l  sound power l e v e l ,  dB re lo-13 w a t t s  
OASPL o v e r a l l  sound p re s su re  l e v e l ,  dB re 20 $T/rn 2 
OAS PLmax maximum va lue  of OASPL f o r  a given ope ra t ing  cond i t i on ,  
dB re 20 u ~ / m ~  
Po atmospheric p re s su re ,  p s i a  
Pt t o t a l  p re s su re  a t  nozz le  o r  cascade i n l e t ,  p s i a  
PNL perceived n o i s e  l e v e l ,  PNdB 
PWL e f f e c t i v e  sound power l e v e l  f o r  each 113 oc tave  band, 
dB re 10-l3 wa t t s  
PR nozz le  o r  cascade p re s su re  r a t i o ;  Pt/Po 
R gas cons t an t ,  53.3, l b f  -f t / l b m - O ~  
Ro ou t s ide  r ad ius  of cascade assembly, i n .  
SPL sound pressure  l e v e l  f o r  each 113 oc tave  band, dB re 2 0  2 
s cascade vane spacing,  i n .  
t cascade vane th i ckness ,  i n .  
U j f u l l y  expanded i d e a l  jet v e l o c i t y ,  f t l s e c  
U j  /c0 s t a g n a t i o n  Mach number 
W acoustic power, W = 10 OAPWI./~O/~~~~, watts 
a cascade blade exit angle, deg 
6 microphone polar angle measured from inlet axis, deg 
;, air density at fully expanded jet conditions, lb /ft 3 
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Table 2 Va r i a t i ons  of a i r fo i l -vaned cascade con f igu ra t i ons  
Table  3 Rat io  of e f f e c t i v e  a r e a  t o  e x i t  a r e a ,  Ae/Ae,, 
f o r  t h e  va r i ous  cascade con f igu ra t i ons  
P re s su re  r a t i o ,  P.R. 1 1 5  1 .25  1 .40  1.72 2.00 2.50 3.00 
S t agna t i on  Mach number, Uj/co .44 .55 .67 .85 .95 1.07 1.16 
Cascade type  Ae/Aex 
Thin vaned 
With f l a t  b locke r  0.844 0.859 0.875 0.911 0.943 1.009 1.069 
With de f l e c to r -b locke r  .a77 .882 .894 .925 .933 .999 1.068 
A i r f o i l  vaned 
0 - 5  0.733 0.718 0.707 0.693 0.700 0.725 ----- 
0 - 9  .554 .554 .551 .539 .548 .567 ----- 
0 - 9  .586 .578 .583 .565 .562 ,583 ---- 
0 - 1 2  
.560 .564 .561 .565 .590 .607 0.640 
0 .656 .655 .655 .657 .672 .713 .756 
0 -.  .684 .679 .692 .692 .704 ,747 .796 
0 - 5  .687 .694 .694 .704 ,716 .755 .812 
.695 .706 .702 .707 .727 .768 .817 
INLET 
STATION 
Ain = 18.25 in .  
r CAS CADES 
SECTION A-A 300 s = 0.688 
SECTION B -B 
F igu re  1. - Sketch of cascade reverser  w i t h  t h i n  vanes. (A l l  
d imensions in in. ). 
F igu re  2. - Cascade reverser  w i t h  t h i n  constant - th ickness vanes. 




INSIDE DIAM. = 6.00 IN. 
SECTION 5 -5 
Figure 3. - Sketch of cascade reverser wi th  a i r fo i l  shaped vanes. 
F igure 4. - Cascade reverser w i th  a i r  foil shaped vanes. 
n-PASSAGES WHERE 17 n 7 12 
-
I!!!!!!!! 
PER SECTOR (9 IN THIS CASE) 
PLATE IDENTIFICATION CODE USED 
Figure 5. - Identif ication of configurations for cascade 
w i th  a i r  fo i l  shaped vanes. 
S U P ~ Y  
Figure 6. - Schematic diagram of acoustic rug. 
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Figure 7. - Cascade reversed t h r u s t  coeff icient as a f unc t i on  
of stagnation Mach number  Ujlc,. 
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0 0- 4 0.50 0.755 
0 - 5  0.62 
0 0 - 6  0.75 
0 - 8  0.99 1 
a G - 1 2  1.49 0.670 
0 Q-9 1.68 0.595 
0 a - 9  1.68 0.595 
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F igure  8. - Aerodynamic character ist ics of cascade reversers. 
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Figure 9. - Normalized overall sound power , 
level for thin-vaned cascade reversers. 
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Figure 10. - Normalized overall sound posyer 
levels for various target reversers. 
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F igu re  11. - Noise d i rec t iv i ty  of th in-vaned cascade 
reverser.  A,Ii = 0.65. 
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Figure 12. - Sound-pressure level spectra at maximum OASPL direction for thin vaned 
cascade reversers. 
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o (a) PRESSURE RATIO, 1.25; Uj; 620 ftlsec; 
U-IC I 0  ; 0.55. 
rHARD / SHIELDS 
--- 
0 20 40 60 80 100 120 140 160 180 
CS-68966 ANGLE FROM I N L n  AXIS, 0, DEG 
(b) PRESSURE RATIO, 2.0; Uj, 1063 ftlsec; 
Ujlco; 0.95. 
F igure  14. - Effect of sidel ine shie ld ing o n  overal l  




Figure 13. - Sketch of shields used on cascade with t h i n  vanes. 
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Figure 15. - Normalized overall sound  power level 
for ai rfoiI-shaped cascade reverser.  
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Figure 16. - Overall sound power level 
as a func i ion  of exit area ratio, AexlAin 
for  a i r fo i l  vaned ca cade. Emission arc;  3 1700; AIN; 21.5 in . 
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Figure 17. - Noise directivity of airfoil-shaped 
cascade reverser. Emission arc = 170'. 
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Figure 18. - Sound pressure level spectra at maximum 
OASPL direction fo r  airfoil-shaped cascade reverser. 
170' emission arc, 8 vanes; Ae,/Ai, = 0.99. 
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Figure 19. - Comparison of SPL spectra at angles of ZOO, 40°and 
140' for  airfoil-shaped cascade reverser. 170' emission arc; 
8 vanes; Ae,IAin, 0.99. 
o o o a o  
CASCADETYPE ujlc0 SYMBOL , 
, , 
CASCADE TYPE Ujlco SYMBOL 
THlN VANES 
WlTH 0.95 0 
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SHAPED Q-8 1.16 A 
1 - 1 2  .94 b @-12 1.16 0 a - 5  .94 0 Q-9 1.07 fi 
Figure 22. - Normalized effective power level spectra for a l l  cascade 
reversers at U.lc > 0.95. Strouhal number based on cascade 
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Figure 23. - Normalized effective power level spectra for all 
cascade reversers at U-lc C .85. Data limited to conditions 
I 0  
without high intensity narrow band noise. Strouhal number 
based on vane spacing. 
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(b) REVERSERS AT EQUAL REVERSE THRUST LEVEL OF 6700 LB. 
Figure 24. - Sideline noise for  different reversers applied to a 19, 000 Ib 
t h rus t  engine. Nominal f u l l  th ro t i le  pressure ratio: 2.5; forward t h rus t  
nozzle equivalent diameter: 28 inches. 
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Figure 25. -Effect of sideline shields on thin-vaned cas- 
cade reverser sideline noise scaled to a 190013 Ib t h rus t  
2.5,pressure ratio engine. Partial throt t le operation 
fo r  reverser thrust ,  6700 Ib. Uj, 1063 ftlsec, PR = 2.0. 
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Figure 26. - Sideline noise for  airfoil-shaped cascade 
reversers applied to a 19000 Ib t h r u s t  fan  duct. Nominal 
f u l l  throt t le pressure ratio = 1.25; forward t h r u s t  nozzle 
equivalent diameter = 59.7 inches; reverse t h r u s t  '= 
12 300 Ib. 
